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We investigate a beam splitter experiment implemented in a normal conducting fermionic electron gas in the
quantum Hall regime. The cross-correlations between the current fluctuations in the two exit leads of the three
terminal device are found to be negative, zero or even positive depending on the scattering mechanism within
the device. Reversal of the cross-correlations sign occurs due to interaction between different edge-states and
does not reflect the statistics of the fermionic particles which ‘antibunch’.
PACS numbers: 73.23.-b, 72.70.+m, 73.43.-f
In mesoscopic physics, the investigation of the conduc-
tance of small electronic devices is widely used to obtain
their transport properties. Additionally to such time-averaged
measurements, the temporal fluctuations (noise) in the cur-
rent caused by the granularity of charge and diffraction of
the wave-function provide us with important supplementary
information about electronic transport [1]. Nonequilibrium
noise has been widely explored to determine, for example, the
effective charge of carriers [2, 3, 4, 5] or to study the transmis-
sion properties of quantum coherent devices such as quantum
point contacts [6, 7], diffusive wires [8] or chaotic cavities [9].
Universally, the statistical correlations due to the Pauli exclu-
sion principle are responsible for the negative current-current
correlations between different leads in multi-terminal devices
[10, 11]. Such negative correlations have been observed in
distinct experiments [12, 13, 14, 15]. It has also been shown
that for a diluted electronic stream obeying classical statistics
the negative correlations vanish [14].
In contrast, a positive cross-correlation (i.e. ‘bunching’) is
predicted to occur in devices with ‘non-normalconducting’
contacts [16] like hybrid-structures which use a supercon-
ductor as current-injector: two entangled electrons, forming
a Cooper in the superconductor, are simultaneously emit-
ted into different exit leads giving rise to a positive cor-
relation [17, 18, 19, 20, 21, 22, 23]. Alternatively, de-
vices with ferromagnetic contacts can show positive cross-
correlations due to ‘opposite spin-bunching’ [24] or dynam-
ical spin-blockade [25].
In this article we are interested in a discussion by Tex-
ier and Bu¨ttiker [26] about the occurrence of positive cross-
correlations in a purely normal-conducting fermionic de-
vice. As the authors show, the effect is due to current re-
distribution among different conducting states. We consider
this idea here experimentally in a beam-splitter configuration
(Fig. 1(a)) where a current I injected at contact 1 is split into
two equal parts exiting into contacts 2 and 3. Our main result
is the observation of positive cross-correlations between the
two exit contacts for a particular implementation of the beam-
splitter according to Ref. [26]. Although predicted by various
theoretical works, such positive cross-correlations have not
been seen before in mesoscopic devices. We further conclude
from our experimental observation that a positive correlation
in fermionic systems can be interpreted as a sign of entangle-
ment only if effects as the one shown here can be ruled out.
Fig. 1(b) gives an ‘inside view’ of the physical implementa-
tion of the beam splitter configuration used to study the cross-
correlations sign reversal from negative to positive: A two-
dimensional electron gas (2DEG) is exposed to a perpendicu-
lar magnetic field so that the current flows in edge-states along
the border of the device [27, 28]. Edge-states provide natural
fermionic ‘beams’ which are, thanks to their chirality, eas-
ily split by a quantum point contact (QPC) into a transmitted
and a reflected part [10]. The two (tunable) QPC’s in series
play different roles: the first one (A) introduces noise within
the edge-state(s) while the second one (B) acts as a beam
splitter that exits the edge-states or parts of them into differ-
ent contacts. In former experiments, only one single spin-
degenerated edge-state was populated [14]. It was shown that
the correlations are always negative as expected for a single
stream of fermionic particles showing ‘antibunching’ behav-
ior [14, 26].
In the following, we consider the case that exactly the last
two spin-degenerated Landau levels are fully occupied. Parti-
tioning at A with the transmission probability T iiA gives rise to
current fluctuations ∆Iii in the second edge-state (ii). Their
power spectral density is 〈(∆Iii)2〉ω =2G0 T iiA (1−T iiA )µ1
with µ1 the electrochemical potential of contact 1 and
G0 = 2e
2/h [29, 30, 31]. The first edge-state remains
noiseless because it is transmitted at A with unit probabil-
ity (T iA≡ 1). Inter-edge-state equilibration introduced via
an extra voltage probe 4 redistributes the current fluctua-
tions ∆Iiiin in the current Iiiin incident to the mixing con-
tact 4 between the two outgoing edge-states Iiout and Iiiout:
∆Iiout=∆I
ii
out=∆I
ii/2. Finally, the ’beam splitter’ B sep-
arates the two edge-states into two different contacts 2 and
3. Since the current fluctuations in both edge-states originate
from the same scattering process at A the cross-correlations
are expected to be positive. Their power spectral density
〈∆I2∆I3〉ω =〈∆Iiout∆Iiiout〉ω divided by the Poissonian value
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FIG. 1: (a,b) Implementation of the beam splitter in the quantum
Hall regime with two edge-states (i, ii) (B = 1.6Tesla). Equilibration
between them occurs along the path from A to B when the current
flows into an additional voltage probe 4. (c) SEM image: QPC’s are
formed by split gates on top of a two-dimensional electron gas.
2e|I| equals [26]:
〈∆I2∆I3〉ω
2e|I| =
〈(∆Iii)2〉ω
8e|I| = +
1
4
T iiA (1− T iiA )
1 + T iiA
. (1)
Here, I =G0 (1+T iiA )µ1/e describes the total current in-
jected at contact 1.
Experimentally, the device illustrated in Fig. 1(b) is im-
plemented in a standard GaAs/Al0.3Ga0.7As-heterostructure.
The QPC’s A and B are defined by metallic split-gates on top
of the 2DEG, which forms 60 nm below the surface (Fig. 1(c)).
Two samples with different path lengths L (200 and 14µm)
between the two QPC’s have been measured. The solid curve
in Fig. 2(a) shows the normalized reflected current I3/I as
function of the voltage applied to gate B with gate A open.
It is given by I3/I = 1 - (T iB +T iiB )/2. For I3/I < 0.5 we ob-
tain the transmission T iiB by measuring I3 (T iB ≡ 1). The
transmission T iiA is determined similarly.
In order to detect the current-current cross-correlations be-
tween contact 2 and 3 the time dependent currents Iα(t)
(α= 2, 3) are converted to voltage signals Vα˜(t) by two se-
ries resistors Rα˜α=h/4e2+R0,α implemented by means of
additional ohmic contacts ˜2 and ˜3. R0,α denotes the con-
tact resistances of the ohmic contacts, which is of the order
0.5 - 3 kΩ. The voltage fluctuations ∆Vα˜(t) = ∆Iα(t)Rα˜α
are measured by two low-noise amplifiers and fed into a spec-
trum analyzer which calculates the power spectral density.
The RC-damping of the voltage noise due to the finite capaci-
tance of the measurement lines (Fig. 2(b)) and the offset-noise
S0 due to the amplifiers are obtained from a calibration mea-
surement of the Nyquist noise 4kBθR as function of the bath
temperature θ for a given resistance R. The noise measure-
ments are performed in a frequency range of 20 to 70 kHz with
typical bandwiths of 5 kHz. The measurement frequencies as
well as the current bias are chosen such that contributions
from 1/f -noise are negligible. All measurements were per-
formed in a 3He-cryostat with a base temperature of 290 mK.
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FIG. 2: Current fluctuations due to scattering at A are redistributed
among the two edge-states so that positive cross-correlations are ob-
served. Partial scattering at the second point contact B reveals the
fermionic nature of the edge-states and yields a negative correlation.
The correlations are zero in case that no partial scattering occurs at
the QPC’s. The data (▽) are measured on sample 2. (a) Reflected
current at 3 with gateC closed. (b) RC-damping of the voltage noise.
Fig. 2 gives the cross-correlations SI,23 = 〈∆I2∆I3〉ω
measured on sample 1 for different configurations of gate A
and B and with gate C open. In a first measurement T iiA
equals ≃ 0.5 and the beam splitter B is adjusted such that the
second edge-state is totally reflected (T iiB = 0), which corre-
sponds to the configuration shown in Fig. 1(b). For these pa-
rameters we indeed observe a positive cross-correlation (red
full-circles). The solid line is the maximal positive cross-
correlation given by Eq. (1). For comparison the Poissonian-
noise S0=2e|I| is given as dotted line. The total offset S0I
equals 3.13 · 10−27 A2/Hz. The current-noise of the amplifiers
gives an offset S0I,θ=0 of 3.91 · 10−27 A2/Hz, which we obtain
from several temperature calibrations. From these two values
the thermal correlations between contact 2 and 3 can be cal-
culated SI,23(I=0)=S0I −S0I,θ=0 =−7.9 · 10−28 A2s, which
turn out to be negative. Thermal correlations are always neg-
ative [10, 12]. They are not related to the statistics of the
charge carriers but occur due to charge conservation. The
measured value is in reasonable agreement with the theoret-
ical prediction of −kBθ G0(3 − T 2)=−8.8 · 10−28 A2s for
T iiB = 0, T
ii
A =T = 0.5 and θ = 290mK [26].
For transparencies T iiB > 0 the second edge-state is only
partially reflected at the ‘beam splitter’. Consequently, the
statistical properties of the electrons in the fermionic ‘beam’
become apparent and the cross-correlations change sign from
positive to negative. The solid line indicates the ‘full anti-
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FIG. 3: (a, b) Normalized current I3/I for different transmissions
T iiA . The curves are shifted in V for clarity. (a) The edge-states
equilibrate between A and B within a floating voltage probe. (b)
Gate C closed: no equilibration occurs and the currents carried by
the two edge-states are unequal if the second edge-state is only par-
tially transmitted at A. (c) I3/I vs. gate C with gate B closed and
T iiA ≃ 0.4. Contact 4 is on ground. (d) A positive cross-correlation is
observed with gate C open which disappears for gate C closed
bunching’ of −2e|I|/8 for T iiB = 0.5 and T iiA = 1 or 0. Natu-
rally, for T iiA , T iiB ∈{0, 1} the cross-correlations are zero indi-
cating that inelastic scattering between two edge-states alone
does not introduce any noise in the system.
Next we will discuss what happens if there is no equilibra-
tion present. Fig. 2(a) gives the reflected current at contact 3
with gate C closed for T iiA = 0 and 1. At the observed plateau,
the second edge-state is totally reflected. Thus, it’s height
yields a direct measure for the amount of current carried by the
edge-states [32]. Although for T iiA = 0, no current is carried
by the second edge-state the plateau at I3/I = 0.5 indicates
current redistribution along the path L=AB from A to B of
length ≃ 200µm. This is in agreement with detailed studies
on equilibration lengths in the quantum Hall regime [32, 33].
In order to avoid equilibration, we have to consider another
device where the path length L (=14µm) of the two QPC’s is
much shorter. Fig. 3(a, b) show the reflected current at contact
3 measured on this second device (sample 2). In (a) the edge-
states equilibrate in contact 4, like in the first experiment, and
the current is redistributed among the two edge-states so that
the plateau does not change in height. In Fig. 3(b) however,
gate C is closed and the current Iii carried by the second
edge-state now depends on the transmission T iiA . The dotted
lines correspond to Iii/I = I3/I =T iiA /(1+T iiA ). The plateau
which appears at the height of the dotted line in Fig. 3(b)
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FIG. 4: Cross-correlation for various T iiA ,T iiB extracted from
noise measurements on two different samples (filled symbols:
AB ≃ 200µm, open symbols: AB ≃ 14µm. (a) Positive cross-
correlations occur for T iiB = 0. (b, c) For T iiA =0 or 1 the correla-
tions are always negative.
thus proves that the two edge-states do not equilibrate. This
should be noticed in the noise, too. Fig. 3(d) presents cross-
correlation measurements with T iiB =0 and T iiA ≃ 0.42. With
equilibration in contact 4 (gate C = 0.0 V) the correlations
are positive (full circles) and in good agreement with the
maximal positive correlation. If gate C is closed the first
edge-state remains noiseless (∆Ii =∆I2 = 0) and the corre-
lator 〈∆Ii∆Iii〉ω = 〈∆I2∆I3〉ω vanishes (squares). We thus
have a ‘knob’ which allows us to turn the positive correlations
on and off.
In Fig. 4 we compare the cross-correlations S23/2e|I|mea-
sured on the two different samples for various parameters T iiA
and T iiB with theoretical calculations from Ref. [26]. At zero
temperature the correlations between contact 2 and 3 are de-
scribed by:
SI,23
2e|I| = −
∑
T nB(1− T nB)
2
+
(
∑
T nB)(2−
∑
T nB)
4
∑
T nA(1− T nA)∑
T nA
, (2)
where n = i, ii denotes the index of the two edge-states. The
first term in Eq. (2) describes the negative correlations due
to partitioning of the edge-states at B whereas the second
term gives a positive contribution due to inter-edge-state equi-
libration. With T iA =T iB ≡ 1, Eq. (2) yields a maximal pos-
sible positive cross-correlation of (3/4 - 1/
√
2)≃ 0.043 ·S0
that occurs for T iiA =
√
2− 1 with T iiB = 0. In Fig. 4(a) the mea-
sured positive correlations are somewhat smaller for sample 1
4(black circles). For sample 2 with a smaller path length L be-
tween the QPC’s the data points (open circles) are rather close
to the expected value. Although the QPC B is adjusted to a
plateau with high precision the second edge-state (ii) might
not be reflected perfectly. Already a tiny transmission T iiB of
2 % reduces the maximal positive cross-correlation by 23 %,
illustrated by one of the dashed curves in Fig. 4(a). The pos-
itive correlations completely disappear for T iiB > 9%. The
high sensitivity to any changes from T iiB =0 thus might ex-
plain the deviations from the solid curve. The open squares
in Fig. 4(a) are the results from sample 2 where gate C is
closed so that the state-mixing voltage probe 4 is discon-
nected. Cross-correlations larger than 0.043 ·S0 could theo-
retically occur due to additional scattering of the first edge-
state at A. The dashed-dotted curve gives an example for
T iA = 0.96 instead of 1 that would yield a maximal positive
correlation of 0.051 · S0.
Fig. 4(b, c) summerize the negative correlations obtained
for T iiA =1 and 0, respectively. The data points do not ex-
actly agree with the expected values according Eq. (2) (solid
curves). The dashed curves denote the changes that would oc-
cur due to additional scattering at the first QPC A, yielding
a small positive contribution to the negative correlations [14].
However, the transmission at A equals 0 or 1 (open gate) with
quite high precision (|∆T iiA | ≤ 0.03) and we think that the de-
viations observed here are related to non-equal transmissions
of the two spin-polarized parts in the second edge-state. The
dotted lines in Fig. 4(b,c) are the negative correlations for 20,
40 and 100 % unequal transmission (from bottom to top). For
one spin-polarized edge-state totally transmitted and the other
totally reflected the correlations would be zero for 〈T iiB 〉= 0.5.
From the data we estimate that the differences between the
two transmissions are in the order of 20 - 40 % of T iiB .
In conclusion we have observed positive cross-correlations
in a multi-terminal electronic device. This positive correla-
tions occur due to interactions between different current car-
rying states inside the device and can be switched on and off
by means of an external gate voltage, which controls the in-
teraction inside the device.
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